Objective: The present study examined the effects of age (20s to 70s), gender (male and female), and hand (dominant and nondominant) on force control capabilities (FCCs) in four force control phases (initiation, development, maintenance, and termination).
IntroductIon
Motor performance can be evaluated by force control capabilities (FCCs) and is known to reduce in adults as they age. Force control refers to a motor skill governed by the neuromuscular system in activating and coordinating muscles and limbs (Rosenbaum, 1991; Wise & Shadmehr, 2002) . Examples of FCC changes due to aging include a decreased rate in finger tapping (e.g., 20s:70s = 1:0.6) (Cousins, Corrow, Finn, & Salamone, 1998) and an increased rate in both force maintenance and modulation error in pinch grip (e.g., 20s:70s = 1:1.7) (Vieluf, Godde, Reuter, & Voelcker-Rehage, 2013) . Reduced FCCs due to aging are attributable to decreased performance of older groups in various daily activities including computer mouse tasks (e.g., pointing, clicking, and dragging) and driving tasks (e.g., speed control and steering wheel manipulation) (Pradhan et al., 2005; Riviere & Thakor, 1996; Smith, Sharit, & Czaja, 1999; Treat et al., 1979; Walker, Millians, & Worden, 1996; Wood, 2002) . These reductions of FCCs with age have been assumed to be caused by functional impairments of the neuromuscular system (Carmeli, Patish, & Coleman, 2003; Galganski, Fuglevand, & Enoka, 1993; Heffernaan et al., 2009 ) and/or degeneration of the central nervous system (Deutsch & Newell, 2001; Galganski et al., 1993; Nagasawa, Demura, & Takahashi, 2013; Ofori, Samson, & Sosnoff, 2010; Ward & Frackowiak, 2003) .
Reduction of motor performance is commonly observed as an initial symptom of brain disorders such as mild cognitive impairment (MCI), vascular dementia, Alzheimer's disease, Parkinson's disease, and stroke. Yoon et al. (2014) identified in a finger force control experiment that older patients with amnestic MCI (aMCI) and those with subcortical vascular MCI (svMCI) showed longer times than age-matched healthy adults in force development by 35% and 53%, respectively, and those with subcortical vascular dementia (SVaD) by 29% in force initiation, 131% in force development, and 121% in force termination. Ott, Ellias, and Lannon (1995) found patients with mild to moderately severe Alzheimer's disease slower by 9% to 19% in finger tapping and pointto-point arm movement, respectively, than healthy adults. Teixeira and Alouche (2007) reported that patients with Parkinson's disease showed a twice longer completion time in a motor-cognitive dual task (saying a first name while dressing up) than healthy adults. Lastly, Naik, Patten, Lodha, Coombes, and Cauraugh (2011) revealed that patients with stroke showed a 40% higher root mean square error (RMSE) than age-matched healthy adults at the force development and release phases in a power grip force tracking task.
Motor impairments due to brain disorders are diagnosed conventionally by relying on behavioral observations, not quantitative measurements, during examination or bedside tests. Motor akinesia (inability to initiate a movement) is tested by asking the patient to lift the right arm as the left hand is touched and vice versa (Coslett & Heilman, 1989; Crucian et al., 2007; Heilman, 2004) . Next, motor impersistence (inability to maintain a posture) is tested by asking the patient to maintain an unnatural posture for a certain period of time (e.g., 20 s) (Buchanan & Heinrichs, 1989; Chen et al., 1995; Kertesz, Nicholson, Cancelliere, Kassa, & Black, 1985) . Lastly, motor perseveration (inability to stop a current action) is tested by asking the patient to draw the Luria's figure or cross out lines (Heilman, 2004; Luria, 1965; Sandson & Albert, 1987) . These clinical observation methods have limitations for identifying mild motor impairments and quantifying the severity of a motor impairment (Seo et al., 2009; Yoon et al., 2014) .
Few studies have quantified the FCCs by the force control phases to examine motor performance of patients with brain disorders using time-and error-related measures such as reaction time and force maintenance error (ME). Seo et al. (2009) and Yoon et al. (2014) quantified the FCCs of four force control phases (initiation, development, maintenance, and termination) using a finger dynamometer by initiation time (IT), development time (DT), ME, and termination time (TT). Comparing the FCCs of patients with brain disorders (n = 25) with those of healthy people (n = 12), Seo et al. (2009) identified decreased motor performance in the patients at the following rates: 1.8 times in IT, 4.8 times in DT, 16.5 times in ME, and 1.6 times in TT. Quantification of FCCs by the force control phases are of use to discriminate different types of motor impairment such as motor akinesia, motor impersistence, and motor preservation (Heilman, Watson, & Valenstein, 2003; Yoon et al., 2014) .
Although normative FCC data by the force control phases are needed for various populations in age and gender to identify various types of motor impairment, most existing studies have limited applicability to assessment of motor impairments due to partial coverage of the force control phases, lack of representativeness of participant groups in terms of age and gender, and a small sample size. Motor performance studies (Cousins et al., 1998; Der & Deary, 2006; Jimé-nez-Jiménez et al., 2011; Lodha, Coombes, & Cauraugh, 2012; Ofori et al., 2010; Sosnoff & Newell, 2006; Vieluf et al., 2013; VoelckerRehage & Alberts, 2005; Voelcker-Rehage, Stronge, & Alberts, 2006) examined FCCs primarily at the initiation and/or maintenance phases of the four force control phases with selected age groups (e.g., only 20s as the younger group and 60s and/or 70s as the older group) of healthy adults. Furthermore, these previous studies had a small sample size (n = 9~27 for an age group) and did not consider the effects of gender and hand. However, some studies such as Buchman, Wilson, Bienias, and Bennett (2005) , Ruff and Parker (1993) and Shimoyama, Ninchoji, and Uemura (1990) reported significant differences by gender in motor control performance of healthy adults.
The purpose of the present study was to examine the effects of age, gender, and hand on FCCs of healthy adults by the force control phases and establish normative FCC data accordingly. Measurements of FCCs were collected from 30 participants for each combination of six age groups (20s to 70s) and gender. The statistical and practical effects of age (20s to 70s), gender (male and female), hand (dominant and nondominant), and location (ipsilateral and contralateral) on FCCs were analyzed and then incorporated into establishing normative FCC data.
MaterIals & Methods

Participants
To establish normative FCC data by age and gender, 360 participants (30 for each combination of age groups from 20s to 70s and gender) without abnormal cognitive conditions such as aMCI, svMCI, SVaD, Alzheimer's disease, and Parkinson's disease and difficulties in controlling both hands were recruited in the experiment. The average (SD) ages of the male and female groups were 23.4 (±3.1) and 22.9 (±2.9) for 20s, 33.3 (±2.5) and 33.6 (±2.6) for 30s, 44.5 (±2.8) and 44.3 (±2.1) for 40s, 54.2 (±2.9) and 52.6 (±2.3) for 50s, 65.3 (±2.4) and 63.6 (±2.8) for 60s, and 73.9 (±2.6) and 73.4 (±2.3) for 70s. The majority (96%) of the participants were right-handed.
apparatus
The Finger Touch™ system (Seed Tech Co., South Korea) was used to measure the FCCs of the index finger. The FCC measurement system consists of two dynamometers (max. = 50 N, precision = 0.098 N, and sampling rate = 30 Hz) and a computer screen. The dynamometers are positioned at 15 cm to the left and to the right from the centerline of the participant for four touch configurations (left hand, left side; left hand, right side; right hand, left side; right hand, right side) and 50 cm in front for natural hand placement; the screen is located about 70 cm from the participant for proper visibility.
Two graphic interface designs (see Figure 1 ) were presented in the FCC measurement experiment: one for the initiation and termination phases and the other for the development and maintenance phases. In the former interface (see Figure  1a ), a stationary circle (diameter, φ = 10 cm) gives the participant a starting signal of force initiation or termination by changing its color from white to red. In the latter interface (see Figure 1b) , a circle (φ = 4 cm) moving upward and downward in the rectangle in proportion to the magnitude of an exerted force changes its color from white to green as an exerted force reaches 9.8 N (designated as the target force in the development and maintenance phases; adopted from Seo et al., 2009, and Yoon et al., 2014 ) from green to red if a force ME is beyond ±5% of 9.8 N in the maintenance phase.
Fcc Measures
By referring to Seo et al. (2009) and Yoon et al. (2014) , four FCC measures were adopted in the present study: IT (unit: ms), DT (unit: ms), ME (unit: mN), and TT (unit: ms). In the initiation phase, IT was measured as the time for the participant, locating the index finger about 1 cm above the dynamometer, to press the dynamometer as fast as possible once the starting signal (turning the circle from white to red at random within an interval of 2 to 5 s) was presented. In the development phase, DT was measured as the time for the participant to reach the designated force in the shortest time possible using the index finger on the dynamometer. In the maintenance phase, ME was calculated by Equation 1 over the 10-s maintenance contraction period as the accumulation of force deviated from the designated force every 1/30th of a second. Lastly, in the termination phase, TT was measured as the time for the participant to release his or her force exertion of the index finger on the dynamometer in the shortest time possible once the stopping signal was presented. where f i = exerted force (unit: mN) at measurement i; i = 1, …, 300.
experimental Procedure
The FCC measurement experiment was conducted in three stages lasting a total of 30 min: orientation, practice, and main test. In the orientation stage, the purpose and procedure of the experiment were explained to the participant, and written informed consent was obtained. In the practice stage, participants tried each of the four force control phases four times. Lastly, in the main test stage, four repeated trials were administered for each experimental condition with a 3-min rest between the conditions. A monetary compensation was provided for participation in the experiment. The protocol of this study was approved by the Institutional Review Board of the Samsung Medical Center.
statistical analysis Methods
A four-factor mixed-design ANOVA consisting of two between-subject factors (age and gender) and two within-subject factors (hand and location) was conducted at α = 0.05, and interactions higher than two-way were assumed negligible due to difficulties in interpretation. As post hoc analysis on significant factors, the Tukey-Kramer method was applied for multiple comparisons of means at α = 0.05. Measurements beyond corresponding M ± 3 SD for each experimental condition of each subject were considered outliers and removed. For example, ITs too high, such as 1,740 ms, or too low, such as 15 ms, compared to corresponding means (e.g., 260~310 ms) of different age groups were removed from analysis (removal rate of data was 0.9% for the initiation phase, 0.9% for the development phase, 0.7% for the maintenance phase, and 0.4% for the termination phase). SAS version 9.2 was used for statistical analysis. results effects of age, Gender, and hand on Fccs ANOVA analysis showed that age and gender were significant in all the four force control phases (initiation, development, maintenance, and termination) and the interaction of age and gender only in the maintenance phase (see Table  1 ). Hand, location, and their related interactions were not found significant in any of the force control phases.
The effect of age. FCC performance gradually decreased as age increased, as shown in Figure 2 . The IT, DT, ME, and TT of the 70s age group significantly increased by 15%, 28%, 168% (male: 89%; female: 246%), and 22%, respectively, compared to those of the youngest groups. Although ME showed significant increases from 30s (see Figure 2c ), IT and TT from 40s (see Figure 2a and 2d) , and DT from 60s (see Figure 2b) , of the FCCs, the largest decrease by age was shown in ME. By considering the post hoc comparison results by age, normative FCC data were provided for four age groups: 20s~40s, 50s, 60s, and 70s (see Table 2 ).
The interaction effect of age and gender. A significant, systematic interaction of age and gender was observed only in ME. The inferior performance of females to males in ME increased by age, as shown in Figure 2c (mean difference [MD] = 12% in 40s, 29% in 50s, 60% in 60s, and 157% in 70s).
The effect of gender. Male performance was found to be significantly better than female performance in all the FCCs, as shown in Figure 3 . The effects of gender on all FCCs except ME were relatively small (MD = 4%~11%; Figure 3a , 3b, and 3d) compared to the corresponding effects of age (MD = 1%~28%, as shown in Figure 2) ; males showed a much better performance (MD = 38%) than females in ME (Figure 3c) .
The effect of hand. The effects of hand were not found significant in all the FCCs (see Table 1 ), and the MDs between dominant and nondominant hands were less than 2%. The means (SEs) of dominant and nondominant hands were 276.5 (±1.2) ms and 275.1 (±1.2) ms for IT (MD = 0.1%), 119.7 (±1.0) ms and 121.5 (±1.0) ms for DT (MD = -1.5%), 274.6 (±4.2) mN and 275.7 (±4.2) mN for ME (MD = -0.4%), and 378.0 (±1.7) ms and 383.9 (±1.7) ms for TT (MD = -1.6%).
normative data of Fccs
By considering the ANOVA and post hoc analysis results of FCC measurements, normative data (M, SD, 1st percentile, 5th percentile, 95th percentile, and 99th percentile) of FCCs are presented in Table 2 by force control phase, age, and gender. Hand is not included in the normative FCC data table due to its negligible effect (MD < 2%). Based on the post hoc analysis results of age, normative FCC data are summarized for four age groups (20s~40s, 50s, 60s, and 70s).
dIscussIon
The present study established normative FCC data for four force control phases (initiation, development, maintenance, and termination), various age groups (20s to 70s), and gender (male and female). Existing FCC studies 
H × L × S/AG
Note. Age (A) and gender (G) are between-subject factors. Hand (H) and location (L) are within-subject factors. Three-and four-way interactions are neglected.
the younger group and 60s and/or 70s as the older group), did not consider the effect of gender, and focused mainly on the initiation and/or maintenance phases out of the four force control phases. The FCCs of healthy adults were found to decrease as age increased in all of the force control phases and the largest age effect on FCC was observed in the maintenance phase. The decreased motor performance by age observed in the present study concurs with existing studies on force initiation (Cousins et al., 1998; Der & Deary, 2006; Jiménez-Jiménez et al., 2011) , force maintenance, and/or modulation (Nagasawa et al., 2013; Naik et al., 2011; Vieluf et al., 2013; Voelcker-Rehage & Alberts, 2005) . The degradation of motor performance due to aging can be attributed to degeneration of the central nervous system (Deutsch & Newell, 2001; Galganski et al., 1993; Nagasawa et al., 2013; Ofori et al., 2010; Ward & Frackowiak, 2003) and/or functional impairments of the neuromuscular system (Carmeli et al., 2003; Galganski et al., 1993; Heffernaan et al., 2009) .
Of the force control phases, the most distinct effect of gender with the effect of age on FCC was observed in the maintenance phase. The overall superiority of performance by male to female shown in all the force control phases is consistent with findings of previous research regarding the gender effect on the performance of fine motor tasks such as finger tapping (Buchman et al., 2005; Ruff & Parker, 1993; Shimoyama et al., 1990) . Compared to the interaction effects of age and gender on FCCs in the initiation, development, and termination phases, relatively large and increasing errors were observed in females over the age groups in the maintenance phase.
Relatively small, but not significant, differences (MD < 2%) between the dominant and nondominant hands on FCCs were found in all the force control phases. The hand-related interactions were not significant in any of the force control phases. Conversely, Hubel, Reed, Yund, Herron, and Woods (2013) found significant differences between the dominant and nondominant hands in finger tapping rate (MD = 12%~17%), movement IT (MD = 8%~12%), 75  91  86  125  130  190  188  468  1st percentile  52  47  76  104  95  143  124  159  5th percentile  81  84  102  126  119  178  150  215  95th percentile  324  365  375  516  460  747  696 1,557  99th percentile  407  492  450  668  823  957 1,025 2,374  Termination time (TT; ms)  M  359  378  404  428  SD  92  68  77  92  1st percentile  208  255  270  266  5th percentile  248  282  300  300  95th percentile  500  500  550  600  99th percentile  585  570  620  690 a The desgnated level of force for measurements of the development, maintenance, and termination phases = 9.8 N.
b Normative FCC data are provided for four age groups (20s~40s, 50s, 60s, and 70s) based on the post hoc analysis results of FCC measurements by age. c Only normative ME data are provided by gender based on its significant gender differerence.
at TECH & SCIENCE LIBRARY on February 9, 2016 hfs.sagepub.com Downloaded from and button down time (MD = 15%~25%). These conflicting results could be explained from the fact that the finger tapping task, featured by spatial amplitude, frequency, and duration (Liu, Forrester, & Whitall, 2006) , demands higher neuromuscular efforts than the simple finger force control tasks employed in the present study.
Of the FCC measures (IT, DT, ME, and TT), ME was found most sensitive in discriminating the effects of age and gender on FCCs. Note that Seo et al. (2009) and Yoon et al. (2014) also found ME the most sensitive among the four FCC measures in their FCC comparative studies between patients with motor intentional disorders and age-matched healthy adults. The higher discriminability of ME compared to that of IT, DT, and TT is attributable to its higher requirement of force control to maintain the designated level of force (9.8 N) for a longer period of time (10 s) than those requirements of force control to complete simple force controls for a short period of time (<1 s).
The normative FCC data established in the study can be utilized to evaluate the motor performance of an individual and screen patients with brain disorders. The FCCs of a particular individual can be compared with the normative data of the corresponding age group and gender. A comparison of the ME and TT data of patients with brain disorders (n = 20 for aMCI, 27 for svMCI, and 14 for SVaD) in their 70s obtained from Yoon et al. (2014) with the normative FCC data in the present study identified that 21.1% of the aMCI patients, 55.6% of the svMCI patients, and 63.6% of the SVaD patients exceeded the 95th percentile of ME and 57.9% of the aMCI patients, 55.6% of the svMCI patients, and 100% of the SVaD patients exceeded the 95th percentile of TT. Furthermore, the normative FCC data can be applicable to designing input devices (e.g., power drill/screw, electric wheelchair joystick, camera push button/scroll wheel) triggered and/ or operated by the finger. For example, the control-response profile of a finger-operated joystick for moving, turning, and stopping of a wheelchair can be designed for the elderly as well as younger users by using the normative data of force development, maintenance, and termination capabilities presented in the present study.
The present study used the fixed target force level 9.8 N, not a relative target force level, for test efficiency in establishing normative FCC data, which is intended for comparison with FCCs of patients with brain disorders. Lindberg et al. (2012) and Lodha et al. (2012) requested patients with a history of stroke occurrence in their force control comparison studies with healthy controls to apply relative force levels such as 10% to 30% of maximal voluntary contraction (MVC) in a power grip task and 5%~50% MVC in a wrist/finger extension task, respectively. In contrast, Seo et al. (2009) and Yoon et al. (2014) identified distinctive features among various types of patients with brain disorders such as aMCI, svMCI, and SVaD patients using FCCs measured under 9.8 N of the fixed target force level. Meanwhile, Vieluf et al. (2013) found that the accuracy of force control for a fixed force level was highly correlated (r = 0.6~0.7) with that of a relative force level in a precision grip task. The fixed target force level used in Seo et al. (2009) and Yoon et al. (2014) , which does not require measurement of MVC in testing, was adopted in the present study for test efficiency.
As for future research, diagnostic models for various brain disorders can be developed by comparing the FCC normative data of healthy adults with those of corresponding patients, and the characteristics of FCCs can be compared with those of other motor performance skills.
Patients with various types and severity levels (e.g., mild, moderate, severe) of brain disorders including MCI, vascular dementia, Alzheimer's disease, Parkinson's disease, and stroke can be recruited for assessment of FCCs and sophisticated diagnostic models can be established by incorporating age, gender, and performance parameters of force control phases. Next, the normative FCC data can be compared with performances of other motor tasks such as tapping (Cousins et al., 1998; Ruff & Parker, 1993) and force tracking (Jiménez-Jiménez et al., 2011; Lodha et al., 2012; Lodha et al., 2010; Ofori et al., 2010; Semmler & Nordstrom, 1998) . 
key PoInts
• The normative data of FCCs were established for four age groups (20s~40s, 50s, 60s, and 70s) and gender that can be utilized to evaluate the motor performance of an individual and screen patients for brain disorders.
• FCCs significantly decreased as age increased: gradual increases in IT, DT, and TT (1%~28%) and a dramatic increase in ME (15%~168%) compared to those of the youngest group.
• The FCCs of males were found to be better than those of females (MD = 4%~38%) in all the force control phases. The most distinctive interaction effect of age and gender was found in ME: MD = 12% in 40s, 29% in 50s, 60% in 60s, and 157% in 70s.
• The FCCs of the dominant hand were not significantly different than those of the nondominant hand (MD < 2%) in all the force control phases.
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